Introduction
Die-casting has been widely accepted in the field of an automobile industry, because it is highly precise and cut down the expense due to additional machining. A great deal of failure of die-casting dies for aluminum alloys casting is heat check, which are fine shallow cracks on the surface of dies. Since the dies are too expensive, the cheaper repair method for the failed dies has been required. In general, these used dies have been reground at nearly 10 5 shots to recover the dimensional accuracy. However, there has been few studies pertaining to this purpose. Henze et al. 1) reported the gas metal-arc welding guaranteed a near net shape repair of forging dies. Ernst et al. 2) presented that laser repair process solved the problem of welding in deep notch to dies. Brown et al. 3) demonstrated that laser welding repair technique has a potential to reduce the cost and working hours as compared with the conventional arc welding repair.
Owing to die-casting dies with convex shape are damaged through cyclic thermal loading, it is said the life is generally much shorter than in failure by wear and the cost of products controls to the tool life. Many studies 4, 5, 6) have reported that the fatigue properties are improved by laserprocessing, because of high surface hardness and residual compressive stress. However, there are few report on the effect of laser processing on the strength of hot work tool steels. In previous report, 7) we concluded that the laser processing is a possible way to repair flaws like fatigue cracks. From tool life standpoint, a repaired part must favor with more long life than in the initial one. This report sets about doing fatigue test at room temperature, as the first onset, in order to confirm the effect of crack repair by laser-processing.
Experimental Method
The material investigated in this experiment is a commercial hot work tool steel (SKD6), which is equivalent to H11 (AISI), used in aluminum alloy die-casting. The chemical composition is given in Table 1 . The material was austenitized at 1 303 K for 3.6 ks and then cooled in air. Tempering treatments were carried out in the range from room temperature to 873 K to find the secondary hardening behavior. For tensile and fatigue tests, the specimens heattreated at 773 and 873 K were applied.
Tensile and cyclic tensile tests were conducted by the smooth specimen with gauge length of 32 mm as shown in Fig. 1(a) . The cyclic tensile test was carried out under constant stress amplitude 250 MPa varying the mean stress 750 and 1 250 MPa. Instron universal testing machine at strain rate 2.6ϫ10 Ϫ5 s Ϫ1 at room temperature. Hysteresis loops in the cyclic tensile loading were recorded for each cycle up to 100 cycles with 5 mm gauge length strain gauge. Fatigue specimen has a diameter 10 mm with a circumferential groove in 2 mm depth and 1 mm radius as shown in Fig.  1(b) . The stress concentration factor for bending is K t ϭ1.49.
8) The fatigue tests were carried out under constant cyclic loading using a cantilever rotating fatigue machine at 175 rpm in air.
Some specimens were processed using Nd:YAG laser of 0.6 kW power. After extensive trials varying the laser power, the following transverse rate was determined. The processing was carried out by one pass spiral rotating, rotating and transversing simultaneously, to avoid overlapping Hot work tool steel with an application in the die-casing industry was chosen as the test material. Most of the failure of dies depends on the heat check due to cyclic thermal stress. So, the present work aims to find a repair method of the failed tool. The microstructure of the Nd:YAG laser-processed material is formed by dendritic structure hardened into martensite. The steel shows secondary hardening by tempering and fatigue softening by cyclic loading even at room temperature. The rotating bending fatigue strength can be recovered to almost initial value by heat treatment at secondary hardening temperature after laser-processing. As the result, it is concluded that the laser processing is suitable for the repair of heat check.
KEY WORDS: hot work tool steel; laser processing; fatigue strength; fatigue softening. of the start-stop position. The pheripheric and the transfer speed of rotation were 10 mm/s and 5 mm/s, respectively. The residual stress in the perpendicular direction to the laser beam was measured by an X-ray diffraction using CoKa (Fe filter ) with (211) peak. The stress values were calculated due to 2qϪsin 2 y method varying seven y angles ranging from 0°to 45°. Microhardness measurement was taken using Vickers hardness tester with a 25 N. Fractured surfaces of fatigue specimens were examined by scanning electron microscopy (SEM).
Results and Discussion

Secondary Hardening
One of the well-known characteristics of hot work tool steel is the secondary hardening. To confirm this behavior, the tempering treatments were performed up to 873 K. The room temperature hardness of the specimens tempered after quenching at 1 303 K in airs is plotted as a function of heattreating temperature as shown in Fig. 2 . It can be seen that the hardness rises gradually with the increasing heat-treating temperature and exhibits a slightly secondary hardening peak at 773 K. At 873 K, however, the hardness drops off abruptly. The reason of this rising is based on that the carbides dissolved during austenitizing precipitate as fine particles among the martensite lath, that is to say, the dislocation networks formed by quenching into martensite were pinned. After the peak hardness, the rapid softening took place. On the basis of this experimental result, the specimens heat-treated at 773 and 873 K were tested in following the cyclic tensile test and the fatigue one.
Stress-Strain Curve
The nominal stress-strain curves of hot work tool steel obtained by tensile tests are shown in Fig. 3 . As might be expected, the mechanical properties summarized in Table 2 were influenced by laser processing. The specimen heattreated at 873 K after laser-processing reveals ductile deformation, while the as-laser processed specimen shows brittle. That is, the 0.2 % offset yield strength and the tensile strength decrease from 1 460 and 1 679 MPa to 454 and 454 MPa, respectively. Such behavior relates to the fact that the laser-processed zone is transformed into brittle structure by self-quenching as stated later. The yield and tensile strength of the specimens heat-treated at 773 and 873 K was 1 620, 1 952 and 1 062, 1 272 MPa, respectively.
The specimen heat-treated at 773 K after laser-processing was strengthened and the strength of specimen at 873 K was inferior, but the ductility was improved. This result might be said that the interlath carbides coarsen due to higher heat treatment. The rapid cooling rate after lasermelting causes the formation of martensite in HAZ, and leaves the residual stress in each grain. Therefore, these brittle structure and/or residual stress should be relieved by post-laser repairing heat treatment. Figure 4 illustrates both the cross section micrograph and the hardness distribution of the laser-processed specimen. The processed field can be divided into three zones as mentioned in the previous report 7) : melted zone, heat affected zone (HAZ) and base metal zone. The circumference zone corresponds to the melted zone which has columnar dendritic arms aligned parallel to the direction of heat flow in macroscopically. The middle narrow band zone is HAZ which is subdivided into two zones based on a degree of heated temperature during laser-processing. The central cone, base metal zone consists of the tempered lath martensite including numerous fine inclusions.
Structures and Hardness
The hardness of the melted zone, transformed into brittle or martensite structure due to rapid cooling during laserprocessing, shows higher hardness than that of base metal. The hardness decreases abruptly in HAZ. Because of the secondary hardening effect after laser-processing, the hardness of the specimen heat-treated at 773 K is keeping higher value as well as the as-laser processed specimen, while the hardness at 873 K becomes lower and distributes uniformly as a consequence of tempering martensite.
Residual Stress
The residual stress due to the laser processing was measured using an X-ray technique. Although the specimen was incrementally polished to measure the depth profile of stress distribution, an effect of stress redistribution based on the removed layer was neglected in this measurement. Residual stress distribution due to the laser processing is shown in Fig. 5 as a function of distance from the surface layer. The tensile stress in the perpendicular direction to the laser bead exists on the surface layer whether with notch or not. Tensile stress field extends below 0.3 mm the surface, and then reaches a compressive stress-200 MPa at 0.4 mm. The result suggests that the fatigue strength of as-laser processed specimen could be improved by removing the surface layer.
Cyclic Softening
Besides the secondary hardening, another characteristics of the hot work tool steel is cyclic softening which has been documented for bainitic steel and 12 % Cr martensite steel. 9) Tsujii et al. 10) demonstrated low cycle fatigue process of hot work tool steel at 873 K is composed of three stages: work hardening, cyclic softening and crack propagation. Bernhard 11) observed a large cyclic softening in a 5 % Cr steel. Such a behavior is explained as follows: the initial high dislocation density which results from the quenching decreases during cyclic and decreases dislocation cell structures.
According to Manson's criteria, 12) when the ratio of the tensile strength to the 0.2 % offset yield strength is greater than 1.4 the material cyclically hardens and when the ratio is less than 1.2 the material cyclically softens, that is hard and high strength materials tend to cyclically soften. In case of base metal (SKD6), therefore, the cyclic softening behavior exhibits naturally as shown in Fig. 6 because the ratio is nearly 1.1 ( Table 2) .
The cyclic stress-strain behavior exhibits a hysteresis loop as shown in Fig. 6 . Here, the first and last hysteresis © 2003 ISIJ loops are shown for ease of comparison. It can be seen that the loop tends to move to the direction of an increasing plastic strain with cyclic stressing. This result suggests that cyclic softening might occur. In the case of higher mean stress, the loop moves to above the monotonic curve during a few cycles, and the inclination begins to decrease.
S-N Curves
To begin with, fatigue test has carried out using notched specimen which has a circumferential groove with depth 1 mm and radius 1 mm. As a result, the fatigue strength at 10 7 cycles was 120 MPa. This value was so quite low against that the 1 mm-thick surface layer was removed. In this case, the fatigue strength was improved up to 330 MPa. It was clear that the reason of reduction by laser processing could be mainly attributed to the effect of the tensile residual stress on the surface layer. Since then, the fatigue test has continued using the notched specimen adapted to diameter 6mm as shown in Fig. 1(b) . The effect of notch is considered to be low though K t changes from 1.62 to 1.49. 8) As at the second stage, the fatigue tests were done using three kinds of specimens: as-laser condition, heated-treated conditions at 773 and 873 K after laser-processing. The results are shown in Fig. 7 . In many case, fatigue property is evaluated from two aspects, i.e., fatigue life and strength. From Fig. 7 , it is confirmed that the fatigue life and strength of the laser-processed specimens decrease remarkably in compared with that of the non-processed one (base metal). The notch sensitivity might have rise because the structure become brittle due to rapid cooling. The fatigue life of the specimen heated-treated at 773 K after laser-processing also decreases. However, the fatigue strength has been recovered to almost initial value and presents a higher value than that at 873 K. This could be due to a high yield strength resulted in a secondary hardening effect.
Fractography
In case of specimen with sharp grooved notch, fatigue cracks were generally initiates from the whole circumferential surface. 13 ) Figure 8 shows a typical macroscopic fatigue fracture surface: non-processed base metal, as-laser processed and heat-treated after laser-processing specimen, respectively. The fracture of the non-processed specimen as shown in Fig. 8(a) indicates that the crack initiates from not at whole circumference but at a defect on circumference such as nonmetallic inclusions. The fracture surface is divided into the fatigue crack propagation region and the final ruptured one. Here, the appearance of circular arc on the fracture surface corresponds to the transition boundary from the former to the latter. The fatigue fracture surface is relatively flat and characterized by quasi-cleavage pattern in comparison with that in the final ruptured region. Figure 8(b) shows the fracture appearance of the as-laser processed specimen which has a large decrease of fatigue strength. It can be seen that the fracture begins from the circumference. The fracture surface consists of the circumference region, which exhibits a typical spiral melting flow track, corresponding to the laser melted zone as shown in Fig. 4 and the central corn (base metal).
Figure 8(c) shows the fracture surface of the specimen heat-treated at 773 K after laser processing. The fracture pattern has a strong similarity to the non-processing specimen. It is seen that the structure is homogenized because the melting flow track disappear and the macroscopic fatigue area is a roughly circular pattern. These fractographic observation does not give the fatigue process of the laser processed specimen. The fracture surface of the specimen heat-treated at 873 K after laser processing is also shown in Fig. 8(d) . The spiral melting flow pattern disappears and the shell pattern reveals. The fracture of this specimen as well as the as laser processing one starts at inclusions. These cracks propagate and joins each other. The intergranular fracture with some striations was also observed on the crack propagation region.
Such fractgraphic results demonstrates that the rotating bending fatigue strength of hot work tool steel (SKD6) can be recovered by heat-treatment after laser-processing. These procedures can be carried out at relatively low cost and effective for the repair of heat-check, which are main cause of the failure of dies. Therefore, we can conclude that the laser-processing method is available for the extension of the life of dies.
Conclusions
In order to confirm the effect of crack repair by Nd:YAG laser-processing, the microstructure, mechanical properties and fatigue strength of hot work tool steel (SKD6) have been studied. The following conclusions can be drawn:
(1) The microstructure of the laser-processed specimen is formed by dendrites pattern transformed into martensite.
(2) The steel has a small hardness peak at around 773 K indicating secondary hardening.
(3) Cyclic softening occurs even at room temperature. The higher the mean stress, the larger the plastic deformation.
(4) The laser-processing method is suitable for crack repairing to perform in locally region because the fatigue strength of the specimen heat-treated at 773 K after laserprocessing can be recovered only by heat-treatment at secondary-hardening temperature.
